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REGIONAL PODOCYTE ISOLATION USING LASER CAPTURE MICRODISSECTION 
FOR MOLECULAR PROFILING OF GLOMERULAR DISEASE  
LUJAIN F. AL-SOWAIMEL  
 
ABSTRACT  
FSGS (focal segmental glomerulosclerosis) is a pathologic pattern that affects 
the glomerulus of the kidneys and is associated with progression toward end-stage 
kidney disease. It is characterized by destruction of the glomerular filtration system and 
replacement by scar tissue, which leads to chronic renal failure. An increase in 
glomerular capillary pressure may be an important factor in glomerulosclerosis.  The 
podocyte is a major structural component of the filtration barrier.  Since podocytes have 
an important role in maintaining the structural and functional integrity of glomerular 
filtration, a chronic increase in glomerular filtration pressure could ultimately damage and 
compromise the podocyte filtration apparatus.  The segmental nature of FSGS suggests 
that podocyte damage may only occur at specific regions in the glomerulus.  This poses 
the question as to whether differences in podocyte function, assessed by gene 
expression, may be dependent on their location in the glomerulus, and these regional 
differences might be responsible for FSGS development.  Consequently, in order to 
evaluate this hypothesis there is a need to selectively isolate podocytes from various 
regions in a glomerulus.  Therefore, the objective of this study was to determine the 
feasibility of selectively isolating podocyte cells from other renal cells using laser capture 
microdissection (LCM), and analyzing gene expression in these isolated cells using 
quantitative real-time polymerase chain reaction (qRT-PCR).  If feasible, this method 
could be used to examine isolated cells for unique podocyte gene expression patterns 
that vary regionally throughout the glomerulus, and identify potential molecular and 
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cellular mechanisms responsible for the initiation and progression of FSGS.  Such 
information could then be used to identify new and pharmacologically accessible 
molecular targets. 
The specific goals of this project were to: 1) determine the feasibility of 
employment of the LCM system in the Boston University Department of Pathology for 
the capture of isolated mouse podocytes; 2) determine optimal tissue preservation and 
preparation methods for laser capture and mRNA analysis of isolated podocytes; and 3) 
determine the minimum number of isolated podocytes required to analyze gene 
expression using qRT-PCR.  The results show that 1) liquid nitrogen was the preferred 
method of tissue freezing; 2) the use of Histogene stain improved cell identification 
during laser capture; 3) the LCM instrument parameters required for selective podocyte 
capture were identified; and 4) RNA quality obtained from the LCM samples was 
suboptimal.  These results indicate that the possibility of using LCM for regional 
podocyte isolation and gene expression analysis is quite promising, and further 
optimization of the technique will likely yield an important new method for the study of 
kidney disease pathogenesis. 
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1. Introduction  
 
1.0 Overview 
 
 The general objective of this study is to assist in understanding the molecular 
pathology of focal segmental glomerulosclerosis (FSGS) by exploring the use of laser 
capture microdissection (LCM), a method for isolating specific cells of interest from 
microscopic regions of tissues and cells.  More specifically, the objective of this study is 
to determine the feasibility of using LCM to isolate different regions in the kidney in order 
to investigate regional gene expression patterns related to FSGS using qRT-PCR.  This 
introduction will outline the rationale for conducting this study.  
1.1 Focal segmental glomerulosclerosis  
 
 FSGS is a pattern of kidney damage characterized by focal and segmental 
lesions affecting the kidney glomeruli, and podocyte injury manifested as foot process 
effacement (Figure 1). The major clinical features of FSGS include high blood pressure, 
proteinuria, nephrotic syndrome, and eventually, renal failure. FSGS has a high 
prevalence in people of African ancestry, and is more common in males than females. 
There are various possible conditions that lead to FSGS such as genetic mutations, 
which affect any of several podocyte specific proteins, viral infection, and toxic agents. 
FSGS also be secondary to systemic diseases such as sickle cell disease, obesity, 
heroin use, and HIV infection that are linked with nephron loss (Gbadegesin et al., 
2011).  In many cases, the cause of FSGS is unknown and is referred to as idiopathic 
disease. The treatment of FSGS can be challenging and includes regimens for lowering 
blood pressure, anti-inflammatory drugs, and immunosuppressants.  
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Figure 1.  (A) Light microscopic image from sample of human kidney with focal 
segmental glomerulosclerosis (FSGS).  Four glomeruli are represented; only one of the 
glomeruli (at top) exhibits segmental sclerosis.  All other glomeruli are normal; this 
characterizes the “focal” nature of FSGS.  PAS stain; image is 1 mm wide. (B) A 
glomerulus with segmental sclerosis.  The area of segmental sclerosis is indicated by 
the black arrow.  In this area, note the loss of cellularity, the complete occlusion of 
capillary loops, and accumulation of deep red-staining scar tissue, all indicative of 
glomerulosclerosis.  Also note that the remainder of the glomerular tuft appears normal, 
with open glomerular capillary loops, thin and delicate capillary walls, and scattered 
mesangial, endothelial and epithelial cells apparent; hence the “segmental” nature of the 
lesion.  PAS stain; image is 250 mm wide. 
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1.2 Pathologic features of FSGS 
 
 FSGS is characterized histologically by involvement of a portion of the kidney 
glomeruli by segmental areas of tuft scarring.  These scarred segments of the tufts are 
usually adherent to Bowman’s capsule, and are characterized by distorted and occluded 
capillaries, absence of cellular elements, and deposition of connective tissue and hyaline 
material.  It has been observed that sclerosis localization within the tuft in FSGS is 
variable. Initially in the disease process, the form of the sclerosis is focal and segmental 
where only occasional glomeruli (often less than 1 in 20) are involved, and usually only a 
portion of the glomerular tuft is involved.  As the disease progresses, more glomeruli 
become involved, and a greater proportion of the tufts become involved until the 
sclerosis within a tuft becomes global (Löwik et al., 2009). 
 Under immunofluorescence, FSGS displays focal and segmental granular 
deposition of serum immunoproteins IgM, C3 and C1. Staining for albumin and several 
immunoglobulins specifically IgA and IgG, may be found within podocytes, which 
corresponds to intracytoplasmic protein resorption droplets, and indicates the presence 
of proteinuria. Under electron microscopy, the glomerular podocytes exhibit features of 
injury including foot process effacement, increased numbers of intracytoplasmic 
organelles, and microvilli formation on the cell membrane.  The podocyte changes are 
often segmental within a glomerulus, whereby some podocytes exhibit severe injury and 
others exhibit almost none.  Other ultrastructural features of FSGS include wrinkling and 
retraction of glomerular basement membrane and accumulation of inframembranous 
hyaline which cause constriction of the glomerular capillary lumina.  These hyaline 
deposits are electron dense and may contain curvilinear membranous particles or 
captured electron-lucent lipid globules (Löwik et al., 2009). 
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1.3 FSGS morphologic subtypes  
 
 FSGS has been classified into five subtypes according to the histological 
morphology: collapsing, tip, cellular, perihilar and not specified or simply “NOS” (D’Agati 
et al., 2004).  This FSGS classification scheme, called the Columbia classification 
scheme, is the most widely used classification scheme for clinical diagnostic purposes, 
and is based on glomerular light microscopic features, including topographic location of 
sclerosing lesions within the glomerular tuft, and the quality of endocapillary and 
extracapillary cellularity. 
 The “perihilar variant” FSGS category of the Columbia classification scheme is 
more common in adults compared to children. This lesion is typically seen in patients 
with secondary forms of FSGS, but it still may occur in primary FSGS. This variant is 
defined by the presence of perihilar sclerosis (segmental sclerosis forming adjacent to 
the vascular pole of the glomerular tuft) and hyalinosis (occlusion of some capillary loops 
by proteinaceous material) involving greater than 50% of segmentally sclerotic glomeruli. 
In this category, glomerulomegaly and adhesions are common. Podocyte hypertrophy 
may be present (D’Agati et al., 2004), and foam cells (cells containing lipid vacuoles) 
may be entrapped in the sclerotic lesion (D’Agati, 2003).  
The “cellular variant” FSGS category is the rarest of the of the idiopathic FSGS 
types, and is characterized as an overproduction of glomeruli cell types (Nair, 2006).  As 
these cells proliferate, the blood vessels that make up the filter narrow and eventually 
close off completely. The glomerular capillary lumen is segmentally obstructed by 
endocapillary hypercellularity including numerous infiltrating leukocytes, foam cells, 
macrophages, and endothelial cells resembling proliferative glomerulonephritis. There 
may be a hypertrophy of the overlying podocytes. These lesions may develop into 
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progressively less cellular, more sclerotic lesions, becoming indistinguishable clinically 
and morphologically from classical FSGS. Thus, The cellular variant implies a slightly 
different type of scarring. The problem is an overabundance of cells that make up the 
filter itself. That may represent an early state in the evolution of sclerosis. 
 The “tip variant” FSGS category is designated by the presence of at least 1 
segmental sclerosing lesion involving the tip domain of the glomerulus (the pole of the 
glomerular tuft opposite the vascular pole and adjacent to the tubular neck), with either 
adhesion between the tuft and Bowman’s capsule at the tubular neck, or confluence of 
podocytes with parietal or tubular epithelial cells at the tubular lumen or neck. Foam cells 
and podocyte hypertrophy/hyperplasia are present but hyalinosis is variable. Perhaps 
the key pathological feature of this lesion is the confluence of swollen, hypertrophied 
visceral epithelial cells with parietal or tubular epithelial cells at the tubular pole (D’Agati, 
2003).  The tip variant of FSGS may represent a severe lesion on the spectrum of 
minimal change disease, which is a result of inflammatory injury of the podocytes. 
 The “collapsing variant” FSGS category is identified by at least one glomerulus 
with segmental or global capillary collapse (loss of open lumen due to folding and 
occlusion of capillary walls) and overlying podocyte hypertrophy and hyperplasia. 
Hypertrophied and hyperplastic podocytes usually crowd the urinary space and often 
contain intracytoplasmic protein droplets and vacuoles (D’Agati et al., 2004).  This 
appears to be a result of a dysregulated podocyte phenotype with increased rates of 
proliferation and apoptosis, and loss of their differentiated cytoarchitecture. This form of 
FSGS is distinguished from the cellular form by the absence of endocapillary 
hypercellularity (D’Agati, 2003).  The collapsing variant of FSGS is most often 
associated with HIV nephropathy. 
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 The “NOS (not otherwise specified) variant” FSGS category is the most common 
among the 4 types mentioned above. It is defined by focal and segmental consolidation 
of the tuft by increased extracellular matrix, obliterating the glomerular capillary lumina, 
segmentally replacing them with acellular matrix material. Podocyte hypertrophy may 
produce the appearance of podocyte “capping” over the sclerosed segment (D’Agati et 
al., 2004). The involved segment is often adherent to Bowman’s capsule.  Mesangial 
hypercellularity is a common histologic feature in the pediatric age group (D’Agati, 2003). 
 In summary, the Columbia histologic classification scheme for FSGS highlights 
the tendency for some forms of FSGS to exhibit lesions localized to certain regions of 
the glomerulus.  This classification scheme also illustrates the possible key role of the 
podocyte in the pathogenesis of FSGS. 
1.4 Role of podocytes in FSGS  
 
 Podocytes comprise one of the main components of the glomerular filtration 
barrier along with fenestrated endothelial cells, and glomerular basement membrane 
(GBM).  Podocytes are a specific visceral epithelial cell type that covers the exterior of 
the glomerular capillaries.  Specifically, podocytes completely cover the GBM with distal 
processes called “foot processes” (Fig 2).  These foot processes are attached to the 
GBM via cell membrane receptors including integrin "3#1.  Adjacent podocyte foot 
processes are connected via continuous networks of specialized cell-cell junctions 
known as slit diaphragms (Fig 2).  These junctions play a critical role in the selectivity of 
the glomerular barrier (Kriz et al., 2003).  Podocytes express cell-specific proteins that 
are part of the slit diaphragm.  Mutations in the genes that encode these podocyte 
proteins affect filtration function and lead to several types of proteinuric kidney diseases, 
most of which are manifest histologically as FSGS (Michaud et al, 2003).  This fact is an 
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important reason why it is believed that the podocyte plays a critical role in the 
pathogenesis of FSGS.  These podocyte-specific proteins will be discussed in detail in 
the coming sections, as they will play part in the gene expression analysis data (Löwik et 
al., 2009). 
 According to studies done by Wiggins’ group there is a quantitative relationship 
between the podocyte number and the emergence of FSGS (Wharram et al., 2005). This 
group has used a rat model of diphtheria toxin-induced podocyte depletion, whereby the 
degree of podocyte loss was controlled. Their results show that if a mild podocyte loss 
occurs, podocytes appear to compensate for the loss by undergoing hypertrophy in an 
apparent attempt to cover the GBM.  However, in cases where severe podocyte loss is 
produced, FSGS subsequently develops (Gbadegesin et al., 2011).  Their findings are 
another important piece of evidence implicating the podocyte in FSGS. 
1.5 Mechanical stress in the glomerulus 
 
As one of the critical components of the glomerular filtration barrier, podocytes 
are important for controlling water flux across the glomerular barrier and for preventing 
protein leakage.  However, they also provide tensile strength to the glomerular capillary 
wall when glomerulus is exposed to blood pressure. The glomerular capillary blood 
pressure exerts tension on the capillary wall that must be balanced by counterforces to 
maintain mechanical and structural stability.  The GBM and mesangium are thought to 
provide the first and main source of the counterforces through the initiation of tension in 
the GBM itself.  The podocytes are believed to provide a second stabilizing system.  
These cells create a contractile system that is composed of many small stabilizing strips 
(the foot processes), fixed at varying angles to the outer surface of the GBM (Kriz et al., 
1996).  Recent work reveals that podocytes exhibit features similar to the contractile 
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smooth muscle cells, so a contractile role for podocytes is plausible (Saleem et al., 
2008). These two counterforce-producing systems, the GBM-mesangial system and the 
podocytes, are inter-dependent; if one is compromised the other is also affected (Kriz et 
al., 1996).    
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Figure 2.  (A) Electron microscopic image from human kidney glomerulus, showing the 
relationship of podocytes to the glomerular capillary walls.  Podocytes are a specific 
visceral epithelial cell type that covers the exterior of the glomerular capillaries.  The 
podocyte cell bodies (labeled “*”) float freely in Bowman’s space outside the glomerular 
tuft.  Podocyte cell bodies give rise to the major processes (large arrow heads) which 
branch further to give rise to the distal processes called “foot processes” (arrows), which 
completely cover the glomerular basement membranes.  Bar = 5 µm.  (B) High 
magnification electron microscopic image of the human glomerular capillary wall, 
showing several foot process cross sections along the outer aspect of the capillary wall, 
and the intervening filtration slits (arrows).  The filtration slits are bridged by the slit 
diaphragms, which connect adjacent foot processes.  Bar = 0.5 mm.   
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1. 6 Response of podocytes to excessive mechanical stress   
 
Animal experiments have revealed the structural changes occurring in the 
glomerulus in response to increased glomerular blood pressure.  A series of experiments 
have been performed using interventions that resulted in exposure of glomerular 
capillaries to elevated hydrostatic pressure, on the order of 40 mmHg.  These 
experiments revealed several phenotypes associated with increased glomerular blood 
pressure, including mesangial expansion, capillary ballooning, capillary folding and 
microaneurysm development, podocyte hypertrophy, foot process effacement, cell body 
attenuation, pseudocyst formation, vacuolar degeneration, detachment of podocytes 
from the GBM, and podocyte cell necrosis (Kriz et al., 1996).  Podocyte detachment from 
the GBM is particularly ominous as it leads to proteinuria, and proteinuria is a typical 
feature of these animal models.  Thus the glomerular pathology associated with 
increased glomerular capillary pressure appears to be focused on the podocytes.  
Experimental work has revealed specific podocyte responses to mechanical 
stress. Studies in vitro have shown that mechanical stretch induces hypertrophy in 
podocytes in all phases of the cell cycle (Petermann et al., 2005). However, the 
molecular trigger that leads to podocyte hypertrophy in this setting is unknown 
(Petermann et al., 2005). Another study by Shankland et al. examined how podocytes 
respond to the increased transmural pressure differences that are related to glomerular 
hypertension.  In their study, cultured podocytes were exposed to cyclic mechanical 
stress mimicking the exposure of podocytes to oscillating blood pressure in vivo.  
Similarly to the Petermann study, they found that podocytes responded to this pattern of 
mechanical stress by undergoing hypertrophy. They also found that the actin 
cytoskeleton of the podocytes reorganized in a manner that appeared to counteract the 
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mechanical stress. Therefore, the podocyte response to mechanical stress involves 
hypertrophy, remodeling of the cytoskeleton, and possible activation of their contractile 
machinery (Hypertrophy of podocytes etc., 2005).  
1.7 Tendency for localization of segmental sclerosing lesions in FSGS 
 
Segmental sclerosis is characterized by damage to only a part of the individual 
glomerular tuft.  The affected segments may show shrinking and wrinkling of the 
capillaries, the infiltration of foamy macrophages, accumulation of hyaline material, and 
the adhesion of the tuft to the Bowman’s capsule. The concurrent deposition of 
collagenous matrix material ultimately results in the sclerotic component to the lesion 
(Kriz et al., 1996).  Although the composition of segmental sclerosing lesions is similar, 
segmental sclerosing lesions may exhibit regional tendencies within glomerular tufts, 
whereby lesions specifically involve the vascular poles, the tubular pole, or segments 
between the poles, as discussed above.  Study of these regional tendencies may reveal 
insights into the pathogenesis of FSGS. 
The pathogenic route to FSGS undoubtedly involves an injurious incident that 
initiates a sequence of cellular and biochemical events that ultimately causes segmental 
scarring.  Some studies have suggested that spatially random damage to the tuft 
architecture is sufficient to initiate sclerosis progression (Kriz et al., 1996).  However, 
such random events cannot explain the regular localization of lesions. One possibility is 
that pressure differences within a glomerulus could explain such regional tendencies.  
This is because the hydrostatic pressure gradient is believed to be distributed unequally 
throughout the glomerulus, with the highest pressures occurring just distal to where the 
arterioles enter the glomerulus at the vascular pole. If the formation of segmental 
sclerosing lesions is a result of the exposure of podocytes to excessive mechanical 
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forces, it would be expected that segmental sclerosis would occur near the vascular 
pole, corresponding to perihilar sclerosis (Kriz et al., 1996).  Indeed, as mentioned 
above, the “perihilar variant” of FSGS is most common in secondary forms of FSGS, 
which includes those forms known to be associated with hyperfiltration and increased 
glomerular capillary blood pressure (Rennke 1994).  Other explanations for the 
localization of segmental sclerosing lesions have yet to be proposed. 
1.8 Other factors in FSGS development 
 
 Heredity factors also predispose a person to FSGS.  Genetic linkage studies 
have recognized several genes that are implicated in nephrotic syndrome and FSGS. 
The genes that have been so far identified to be associated with these syndromes are 
mostly genes that code for podocyte structural proteins and in particular proteins that are 
responsible for forming the glomerular filtration barrier.  For instance, mutations in 
podocin (NEPH-1), which is involved in maintaining the structure of the filtration barrier, 
cause a childhood onset form of steroid-resistant nephrotic syndrome, with underlying 
histological lesions ranging from minimal nephropathy to FSGS (Löwik et al., 2009). The 
characterization of disease-associated podocyte molecules, and the study of their role in 
proteinuric diseases, is an emerging area of research (Schmid et al., 2003). 
 It has also been proposed that a dysregulated immune system contributes to the 
pathogenesis of FSGS.  It has been found that immunomodulatory agents are effective 
in the treatment of primary FSGS (Schell et al., 2012).  The anti-inflammatory and 
immunosuppressive action of glucocorticoids, calcineurin inhibitors and mTOR inhibitors 
showed a strong influence on podocytes via the regulation of some cytokines and 
several signaling pathways relevant for cytoskeleton stability, cell maturation and 
survival (Schonenberger et al., 2010).    Recently, it was shown 70% of patients with 
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idiopathic membranous nephropathy (MN), an important cause of nephrotic syndrome, 
exhibited the presence of autoantibodies against a podocyte surface receptor.  Although 
these other factors may be secondarily associated with FSGS, they do not explain the 
focal and segmental characteristics. 
1. 9 Approaches to studying FSGS localization  
1.9.1 Animal models of FSGS   
 
Several animal models have been developed specifically for the study of the 
pathology of FSGS. Examples of these animal models include uninephrectomy-DOCA-
salt hypertension, subtotal nephrectomy after long-term treatment with FGF-2, chronic 
Masugi nephritis and the fawn-hood rat (Kriz et al., 1996).  Molecular profiling of major 
genes has been performed in animal models with predictable lesion localization, in an 
attempt to study the relationship of gene expression changes to the localization of the 
sclerosis.  One example is the Fawn-Hooded Rat (FHR), which develops segmental 
sclerosis constantly concomitant with the glomerular vascular pole (Kriz et al., 1998).    
Such studies have provided some insight into mechanisms of lesion localization, but do 
not allow for specific study of cellular responses in different regions within the same 
glomerulus. 
1.9.2 Laser capture microdissection   
 
 It is possible to examine the regional characteristics of molecular pathologies 
with the availability of the LCM to dissect specific cell types from localized areas, as 
shown in Figure 3.  The principle behind using LCM is the selective adherence of 
specific cells of interest to a thermolabile polymer membrane called a “cap”, which is 
activated by a low energy infrared laser pulse. The cells of interest are visualized using 
an inverted microscope. Upon the exposure to the laser, single cells or groups of cells 
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are bound to the cap, which is then removed from the tissue section.  In this way, further 
analysis of the isolated tissue can be performed (Fend et al., 2000).  
 
 
Figure 3:  Illustration of laser capture microdissection (LCM).  Localized targets within a 
tissue section are removed from the section using a low energy infrared laser to heat a 
thermolabile adhesive polymer, which adheres to tissue surface and pulls out 
subpopulations of tissue as the cap is pulled away from the tissue. In this example, 
tubules are isolated from kidney tissue.  Adapted from Kohler et al., 2009.  
 An important advantage of LCM is that it enables someone to isolate specific 
type of cells from a heterogeneous tissue environment without causing significantly 
detrimental damage to the tissue.  The ability to isolate single cells is also enhanced with 
special stains that enhance contrast and facilitate discrimination of tissue morphology, 
This in turn allows for collection of increasingly enriched RNA.  LCM also allows for 
collection of tissue samples subjected to a variety of preservation methods, such as 
snap-frozen tissue or formaldehyde-fixed tissue, which may also enhance the yield or 
quality of biomolecules collected. 
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1.9.3 Gene expression analysis    
 
 Cell-specific proteins may be used to identify tissue types present in a tissue 
sample.  Among the variety of genes that are specifically associated with podocytes, 
NPHS1 (nephrin), NPHS2 (podocin), and Podocalyxin (Poxl) are critical for podocyte 
function and are good candidates for identification of LCM captured cells via RNA 
analysis.  These major proteins (except for podocalyxin) are only present in the 
podocytes, and play a major role in forming the components of the filtration barrier 
(Figure 4).  In many cases of nephritis these proteins are defective.   A detailed 
discussion of each of these three proteins follows. 
 
 
 
Figure 4: Diagram of the podocyte foot processes, illustrating the role of proteins present 
in podocytes.  It can be seen that nephrin and podocin are part of the slit diaphragm and 
podocalyxin (PC) is a component of the apical cell membrane.  This figure is adapted 
from Pavenstadt et al., 2003.  
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NPHS1 the gene encoding the protein nephrin, which is a component of the slit 
diaphragm between podocyte foot processes (Figure 4). Nephrin is a member of the 
immunoglobin superfamily (IgCAM), and is a 180-kDa transmembrane protein solely 
expressed in podocytes.  This protein is a strong candidate for our study since it 
distinguishes podocytes from the rest types of cells present in the glomerulus where 
mesangial and endothelial cells lack this marker. Mice deficient in nephrin rapidly 
develop proteinuria and foot process effacement (Löwik et al., 2009). Also, it has been 
shown that nephrin expression is decreased in glomeruli from patients with minimal 
change nephropathy and membranous nephropathy (Pavenstadt et al., 2003). 
 NPHS2 is the gene that encodes the protein podocin, which belongs to the raft-
associated stomatin family 41.  Podocin is located in podocyte foot process membrane 
at the insertion of the slit diaphragm (Schmid et al., 2003) (Figure 4).  Podocin is smaller 
than nephrin, with a molecular mass of 42 kDa. It forms a hairpin-like structure 
containing both a cytosolic NH2- and COOH-terminal domain, which is characteristic for 
stomatin-like proteins.  In humans, podocin mutations lead to steroid-resistant nephrotic 
syndrome.  Mutations in podocin have been shown to cause an interruption in 
recruitment of nephrin to the plasma membrane (Löwik et al., 2009).  
 Podocalyxin (Poxl) is a type I transmembrane protein that is present in several 
different types of cells, including kidney podocytes, hematopoietic progenitor cells, 
vascular endothelia, and a subgroup of neurons.  Poxl is extensively O-glycosylated and 
sialylated, and is implicated in various cellular functions via an association with NA+/H+ 
exchanger regulatory factor proteins, ezrin, and the actin cytoskeleton.  This protein was 
first identified in the glomerulus, and seems to be important for kidney development and 
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in facilitating the formation of elaborate podocyte foot processes (Nielsen et al., 2009).  
Poxl has been associated with a variety of cancers (Schopperle et al., 2003). 
1.10 Rationale 
 
Podocyte gene expression analysis may help to reveal regulatory pathways in 
FSGS and provide valuable diagnostic information.  In addition, a better understanding 
of the molecular basis of FSGS is still needed to facilitate the design of specific targeted 
treatments.  The regional variation of lesions observed in FSGS may provide insight into 
disease mechanisms, through comparison of lesional tissue to adjacent non-lesional 
tissue.  Variation in podocyte gene expression within the glomerulus may provide one 
explanation for this regional variation. 
To facilitate the study of the regional variation of lesions observed in FSGS, and 
correlate regional lesion variation to differences in podocyte gene expression within the 
glomerulus, it is essential to develop a powerful technique for isolation of podocytes and 
other tissue components of the glomerulus, which allows for preservation of the 
molecular composition of the tissue.  The aim of this project is to develop such a 
technique. 
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2. Materials and methods  
2.1 Tissue preparation and collection  
 
 Kidneys were obtained from freshly-sacrificed wild-type mice. Kidneys were 
quickly removed and immediately dissected into several pieces for embedding.  Pieces 
of kidney were placed in OCT embedding medium, snap frozen with liquid nitrogen or 
frozen on top of dry ice, and stored at -80°C until cryosectioning.  Tissues were 
cryosectioned at 5 to 8 !m thickness, sections were collected on chilled glass slides, and 
slides were immediately stored at -80°C. 
2.2 Tissue staining  
 
 Slides were removed from -80°C storage, thawed at room temperature for 30 s, 
placed in 75% ethanol for 30 s, and washed in distilled water for 30 s. The slide-mounted 
tissue sections were subsequently stained with 100 !L HistoGene stain (Arcturus Corp) 
for 20 s.  This stain which is designed to protect nucleic acid from degradation is 
analogous to hematoxylin and eosin stain, and provides contrast for LCM samples by 
staining the nucleus blue and the cytoplasm of the cell pink red color.  After staining, a 
series of tissue hydration steps were continued as follows: 75% ethanol for 30 s, distilled 
water for 30 s, 95% ethanol for 30 s, 100% ethanol for 30 s and finally 5 minutes in 
xylene. After the xylene step, the slides were air-dried for 5 minutes prior to proceeding 
with LCM.  
2.3 Laser capture microdissection and tissue scrapes  
 
LCM was performed using a PixCell IIe instrument equipped with an inverted 
base microscope system with 4$, 10$, 20$ and 40$ from Olympus.  The LCM system is 
composed of an inverted microscope, a solid-state near infrared laser diode, a laser 
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control unit, a joystick controlled microscope stage supported with a vacuum chuck for 
slide immobilization (Figure 5).  The arm of the LCM supports the cap that is put on the 
tissue of interest (DeCarlo et al., 2011). 
 The operation of the LCM follows the following sequence.  First, the slide is 
mounted on the stage and the cells or tissues of interest are visualized using the 
microscope.  Then, the supporting arm for the ethylene vinyl acetate (EVA) “cap”, is 
placed over kidney tissue.  Kidney structures are viewed on the computer screen and 
the regions (cells) of interest can be targeted with an integral laser pointer (Figure 6).  
The size of the desired laser spot can adjusted to best fit the parameters of the tissue of 
interest.  The minimum diameter of the laser beam on the PixCell IIe is 7.5 µm.  The 
thermoplastic film is activated by discharging the laser, creating a polymer-cell 
composite.  Most of the laser energy is absorbed by the cap membrane.  The maximum 
temperatures reached by the tissue upon activation are in the range of 90°C for several 
milliseconds, of short enough duration to leave biological molecules of interest intact 
(DeCarlo et al., 2011).  The short laser durations used in LCM require low laser power 
levels (1-100 mW).  Finally, the cap is removed to capture cells of interest from the 
surrounding tissue section.  The thermoplastic membrane is pealed off the cap using an 
RNase free razor blade, and the membrane is placed into an Eppendorf tube containing 
Trizol reagent.  This sample is saved at -80°C until the day of RNA extraction (Edgley et 
al., 2010).   
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Figure 5.  The PixCell IIe LCM available at the Boston University Pathology Department.  
This figure adapted from this website: http://www.utoledo.edu/corelabs/amic/lcm.html 
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Figure 6.  Brightfield light microscopic image captured from PixCell IIe computer screen, 
showing the tissue after capture of a single glomerulus from the tissue section.  The 
laser size parameters were set to best fit a single glomerulus. The laser discharge has 
resulted in a black circle forming around the glomerulus, indicative of the laser cut. The 
laser capture of single glomeruli was achieved by setting the laser spot size to 30 µm.   
The red spot in the image is the laser pointer used for targeting.  Image width 
corresponds to 200 µm. 
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For our study, microdissections were performed under 20$ using CapSure LCM 
macro caps (Arcturus).  The laser settings were chosen according to the target size as 
indicated in Table 1 below for the three targets: podocytes, glomeruli and tubules: 
Sample  Spot size  Power  Threshold 
voltage  
Duration  
Podocytes  7.5 µm  39 mW 100 mV 0.35 ms 
Glomeruli  30 µm 73 mW 200 mV 30.5 ms 
Tubules 30 µm 73 mW 200 mV  30.5 ms 
 
Table 1: Laser spot size settings for the different kidney regions. 
 
 
 
2.4 RNA isolation  
 
RNA isolation was performed using TRIzol Reagent.  The isolation protocol 
consists of the following steps: 
! Homogenization:  After the tissues of interest are collected via LCM, the cap 
membrane is placed in 1000 !L of TRIzol reagent. 
! Phase separation:  200 !L of chloroform per 1 mL of TRIzol reagent are added.  
The sample is vortexed vigorously and incubated at room temperature for 3 
minutes, and then centrifuged at a maximum speed for 15 minutes at 4 ºC.  The 
aqueous (top clear layer) phase is transferred into a new eppendorf tube.  This is 
the layer where RNA is present exclusively.  The transfer must be done carefully 
without disturbing the interphase layer.  
! RNA precipitation:  The RNA in the aqueous layer is precipitated by adding 500 
!L isopropyl alcohol.  The sample is then mixed by inversion, incubated at room 
temperature for 10 minutes, then centrifuged at a maximum speed for 5 minutes 
at 4 ºC. 
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! RNA wash:  After the centrifugation step, the supernatant is removed and 100 !L 
of 75 or 80% ethanol is added to the RNA pellet. The sample is vortexed and 
centrifuged at maximum speed for 5 minutes at 4 ºC. 
! Redissolving RNA:  In the final step the RNA pellet is air-dried for around 10 
minutes inside the hood.  After the pellet is completely dried, it is dissolved in 20 
!L of RNase free water and stored at -20 C. 
2.5 RNA quality control  
 
 The quality of the isolated RNA was determined using NanoDrop 2000c UV-Vis 
spectrophotometer (Thermo Scientific). This instrument was used to detect accurate 
concentration in addition to 260/280 and a 260/230 nm absorbance ratios.  The sample 
reader was cleaned with an RNase free water and dried with a kim wipe.  1 !L of the 
RNase free water was used as blank, and then 1 !L of each isolated RNA sample was 
loaded and the readings were recorded.  The sample reader was cleaned thoroughly 
between samples.  
2.6 cDNA synthesis  
 
 cDNA synthesis was performed using High Capacity cDNA Reverse 
Transcription Kits (Applied Biosystems) according to the manufacturer’s directions. A 2! 
RT master mix in a total of 10.0 !L per reaction was prepared using the following 
volumes: 
! 2.0 !L 10X RT Buffer, 
! 0.8 !L 25X dNTP Mix (100 mM),  
! 2.0 !L 10! RT Random primers, 
! 1.0 !L Reverse Transcriptase, 
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! 1.0 !L RNase Inhibitor, 
! 3.2 !L Nuclease-free H2O.  The 2! RT master mix was mixed gently and placed 
on ice.  
The cDNA RT reaction was prepared when the 10 !L of 2! RT master mixes was 
pipetted into individual tube. 10 !L of RNA sample was pipetted into each tube along 
with the 2! RT master mix and was mixed well and sealed well.  The tubes were 
centrifuged briefly to spin down the contents and remove any air bubbles. Then the 
plates were placed inside the thermal cycler.  To perform the cDNA synthesis the 
thermal cycler conditions were programed as follows in Table 2 below. 
 Step 1 Step 2 Step 3  Step 4 
Temperature 
(ºC) 
25 37 85 4 
Time  10 min 120 min 5 min % 
 
Table 2: Shows the temperature and time parameters for the thermo cycler for cDNA 
synthesis.  
 
2.7 PCR primer design  
 
 mRNA sequences were downloaded from NCBI LocusLink at 
http://www.ncbi.nlm.nih.gov/LocusLink/ for the following genes: Podocalyxin (Poxl): 
Forward sequence (Tm= 54.9 °C): 5’- GGC ACC CTC TCA TCT CAT AAC- 3’ , Reverse 
Sequence (Tm= 54.6 °C): 5’- CAC CAG ACT GAG GGA AAC AA-3’ size 100 BP; Gata 
binding protein 3 (Gata 3), Forward sequence (Tm= 55.2 °C): 5’- CTG AGC AAG GAA 
TCA-3’, Reverse sequence (Tm= 54.5 °C): 5’-AGC AGA CAC GGA ATA AAG-3’ size 102 
BP;  platelet/ endothelial cell adhesion molecule 1 (Pecam 1), Forward sequence (Tm= 
54.7 °C) 5’-CAA CAG AGC CAG CAG TAT GA-3’, Reverse sequence (Tm= 54.8  °C): 5’-
TGA CAA CCA CCG CAA TGA-3’ size 101 BP; chloride channel, voltage-sensitive 5 
(CLCN5), Forward sequence (Tm= 55.1 °C): 5’-CTG GTG TCG GAA GCG TAA A-3’ , 
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Reverse sequence (Tm= 54.6 °C): 5’-CTT GTG CTC ATC CGG GTA TAT T-3’,  size 120 
BP.  
 
2.8 PCR  
 
 The total volume for each PCR run was 20 !L, which included 2 !L cDNA, 0.5 !L 
of each forward and reverse primers, and 17 !L of the supermix.  The thermal cycler 
was set for 4 cycles at the following temperatures: the denaturing temperature was 94 
ºC for 4 minutes, followed by 10 cycles of denaturing 94 ºC for 20 seconds, annealing at  
53 ºC for 40 seconds, extension at 72 ºC for 40 seconds.  The final extension step was 
set at 72 ºC for 5 minutes.  The amplification products were verified by the presence of 
the DNA with a specific size on a 2% agarose gel visualized with ethidium bromide.  
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3. Results  
 
The overall goal of this project is to develop an approach for isolation and 
molecular study of individual podocytes.  The initial work included literature reviews and 
research to identify available and adaptable methods to isolate individual cells. Based on 
these reviews, three methods were considered viable candidate technologies for this 
project: 1) fluorescence-activated cell sorting (FACS); 2) aspiration using micropipettes; 
3) and LCM.  After a careful literature review and considering instrument availability, and 
probability of success, it was decided to utilize LCM for this project.  The first section 
describes this selection process.  The next section describes my analysis of the general 
feasibility of using LCM technology to isolate podocytes, focusing on the instrument 
currently available in BU Pathology for this purpose.  Subsequent sections describe 1) 
studies to test and optimize tissue preservation, sectioning, and staining conditions for 
isolation of podocytes; 2) studies to determine optimal LCM instrument parameters for 
selective podocyte isolation; and 3) studies to determine the number of LCM-isolated 
podocytes needed to analyze RNA/gene expression by qRT-PCR. 
3.1  Selection of method for single cell isolation 
 
My research revealed several potential approaches for isolating individual cells 
from intact tissue.  These included: 1) fluorescence-activated cell sorting (FACS) (Espina 
et al., 2006); 2) aspiration using micropipettes (Schroppel et al., 1998); 3) and LCM 
(Espina et al., 2006).  In order to identify the method to pursue further, it was necessary 
to consider the research goal of determining how topographic position of podocytes 
within the glomerulus affects podocyte function, and specifically, gene expression.   
Thus an important technical goal for the method identified through this project is to retain 
knowledge of the tissue region from where individual cells are isolated.  LCM and 
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micropipette aspiration allow for capture of cells from intact tissue sections, where tissue 
topography is preserved at the time of capture.  In contrast, although FACS is a powerful 
method for obtaining individual cells, it requires that tissues be disintegrated into 
suspensions of cells prior to analysis, so it is not applicable for the analysis of intact 
tissue.  On this basis, we eliminated the use of FACS to isolate single podocytes.   The 
other research goal concerns the need for the molecular integrity of the captured cells to 
be maintained such that gene expression analysis to be performed.  This includes 
preservation of as much captured material as possible so as to maximize the isolated 
sample of mRNA.   LCM reduces tissue loss as compared to other microdissection 
techniques because tissue is selected relatively non-traumatically through the gentle 
adherence to an adhesive surface, as opposed to mechanical removal of isolated cells 
via a needle tip or a microcapillary (DeCarlo et al., 2011).  Of the three methods 
considered, LCM is the only technology that can be used to isolate subpopulations of 
cells from intact tissues without disturbing the molecular state of the cells (Espina et al., 
2006).  Therefore, LCM was chosen for single cell podocyte isolation. 
3.2  General feasibility of using LCM technology to isolate podocytes 
 
 After opting for the LCM technique for cell isolation, the next step was evaluating 
the feasibility of using LCM, and in particular, the LCM instrument available for our use 
(PixCell IIe, BU Pathology), for the isolation of individual podocytes.  Since it is known 
that it is possible to use LCM to capture kidney tissue in general (Murakai et al., 2000), 
we needed to determine if it would be feasible to capture tissue samples no larger than 
individual podocytes.  We also needed to determine the feasibility of labeling and 
identifying podocytes successfully.  Lastly, we needed to determine if any limitations 
present in the system available in BU Pathology could be overcome.   
  
28 
3.2.1  Labeling and identification of podocytes 
 
In standard histological preparations of kidney tissue, individual podocytes can 
be identified based on morphologic features:  cell size and shape, cytoplasmic character, 
nuclear shape and texture, and relationship to other tissue structures.  Successful 
identification using morphologic features requires that tissue preservation and histologic 
preparation is of high quality.  Also, it is necessary to perform some sort of histochemical 
stain to visualize the cells in order to see their morphologic features.  And some 
technician skill is required to reliably identify a particular cell type based on morphology.  
Nevertheless, podocytes may be amenable to identification based on morphology 
because they are often freely protruding into Bowman’s space at the periphery of the 
glomerulus, out of contact with adjacent cells.  This latter feature may also be helpful in 
reducing the proportion of undesired tissue that is inadvertently collected with podocytes.  
Another approach that may be used is to identify specific cells of interest using 
immunohistochemical staining or other fluorescence imaging techniques.  
Immunohistochemical staining utilizes man-made antibodies targeted toward epitopes, 
usually protein-specific amino acid sequences, that are only present on the particular cell 
type of interest.  Fluorescently-labeled antibodies applied to the tissue bind only where 
the target epitopes are present.  The antibodies that have bound to the tissue may be 
observed within the tissue using a specialized incident light microscope called an epi-
fluorescence microscope.  Another option is to utilize specially bred transgenic animal 
strains that express fluorescent proteins specifically within cells of interest (Vintersten et 
al., 2004).  Such animals are available but if particular strains of animals or transgenic 
strains are needed it may not be possible to introduce the fluorescent labels into these 
strains.  Regardless of the technique used, the preparation methods can potentially 
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interfere with downstream analyses, so it is necessary to consider the effect the method 
would have on these downstream analyses (e.g., RNA quality and quantity).   
 In order to identify a method for podocyte identification for LCM, we decided to 
initially test the simplest and least expensive approach, which is to use histochemical 
staining only.  But we needed to use a staining protocol on frozen sections which did not 
interfere with mRNA isolation.  Therefore we tested the ability to identify podocytes in 
tissue using a proprietary histochemical stain, Histogene (Life Technologies, Grand 
Island, NY).  The Histogene stain was developed specifically for LCM. This stain 
preserves RNA integrity during staining by minimizing the exposure of the tissue to water 
where nucleases may be activated.  Studies have confirmed the effectiveness of 
HistoGene by comparing RNA isolated from intact tissue and HistoGene-prepared LCM 
samples, and showed there is no significant difference between the two (Arcturus 
Reagent Kits for Microgenomics, Alpha Metrix Biotech).  We applied histogene to typical 
murine kidney frozen tissue sections using the manufacturer’s protocol.  We found that 
glomerular cells including podocytes were visible, although infrequently identified.  We 
were able to identify from 0 to 3 podocytes per glomerulus, with at least one podocyte 
identified in over half of the glomeruli examined.  Since approximately 100 glomeruli are 
visible in a typical murine kidney tissue section, and we estimated that about 100 cells 
would be required to obtain a minimum sample for mRNA analysis, we concluded that 
this approach would be sufficient for our study, and pursuit of other techniques such as 
immunofluorescence would not be necessary. 
3.2.2  Capture of tissue of the size of podocytes 
 
With LCM, beam diameter is the critical determinant of the minimum amount of 
tissue that may be collected per laser pulse.  In general LCM devices are capable of 
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producing beam widths less than 10 µm in diameter.  This size range approximates 
typical sizes of individual cells.  Podocytes in particular are large cells.  The podocyte 
cell bodies are oval to round and about 10 µm in greatest dimension in light microscopic 
sections. The beam size of the PixCell IIe LCM may be varied through adjustment of 
various user-controlled parameters, as discussed in Methods.  Through these 
adjustments, the minimum beam width achievable with the PixCell IIe LCM is 7.5 µm.  
Therefore it appears in principle that it should be feasible to isolate single podocytes, 
using the PixCell IIe LCM, if they can be identified successfully. 
3.2.3  Issues with PixCell IIe in BU Pathology 
 
The LCM system available in BU Pathology is the PixCell IIe.  This is an older 
system and there were several potential issues with this system: 1) limitations with optics 
and software; 2) lack of recent maintenance or support; 3) lack of capability as a 
concurrent fluorescence imaging device.  Each of these issues were explored and we 
found that it was possible to use the PixCell IIe despite the limitations.  With regard to 
issues 1 and 2, in our initial tests of the system using discarded tissue, we found that the 
system was operable and capable of collecting tissue.  Further, we found that the 
system optics were sufficient to clearly visualize kidney morphology, and accommodate 
adjustment of beam size down to the required 7.5 µm diameter.  The major remaining 
drawback to use of this older system is that it is time consuming to use since it is 
necessary to focus the laser and manually adjust the parameters prior to tissue capture; 
this is automatically performed on current instruments.  With regard to issue 3, we 
investigated the possibility of modifying the PixCell IIe to accommodate fluorescence 
imaging, or acquiring or gaining access to a current model instrument (e.g., The 
ArcturusXT™ microdissection system) which ideally included a conjugated fluorescence-
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imaging device, to make it easier to identify cells of interest if they were 
immunohistochemically stained.  In the course of this investigation, we determined that it 
would be feasible to identify podocytes based solely on morphologic criteria, as 
discussed above.  Therefore, it was decided to proceed with the project using the 
available PixCell IIe LCM system in BU Pathology, and our initial investigations of 
alternative instruments were suspended.  To conclude, despite the limitations described 
above, the PixCell IIe was found to be functional and capable of use with a narrow 
diameter laser beam as required for this project, and we proceeded with the project 
using the PixCell IIe.   
3.3  Tissue preparation  
 
Successful use of LCM for molecular analysis depends on the quality of tissue 
preservation, both for preservation of morphology, and for preservation of the molecules 
targeted for study.  Therefore we considered the approaches available for handling of 
kidney tissue specimens that we intend to work with, focusing on methods for tissue 
preservation, tissue sectioning, and staining.  We specifically focused on optimization of 
these methods for isolation of podocytes.   
Initially, we evaluated methods for tissue preservation.  There are basically two 
standard methods used to preserve tissue for brightfield light microscopy: formalin-
fixation, and paraffin embedding (FFPE), or snap freezing.  FFPE preserves many 
features of tissue morphology, and allows for preparation with a wide variety of 
histochemical and even immunohistochemical stains.  One drawback of using FFPE is 
that formalin exposure affects the quality and the yield of RNA extracted from tissue.  
Additionally, formalin fixation creates cross-links between formalin and protein that 
diminishes antigenicity for immunohistochemical staining.   Snap freezing is 
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complementary to FFPE in that molecular preservation and preservation of antigenicity 
are improved over FFPE tissue.  However, preservation of morphology of snap frozen 
tissue is relatively poor and is highly dependent upon preservation methods used.   
In our laboratory, two methods were available for snap freezing tissue:  1) laying 
a cryomold containing liquid mounting media-embedded tissue on a bed of dry ice, and 
2) submerging the cryomold containing liquid mounting media-embedded tissue in liquid 
nitrogen.  Because the morphologic quality of glomeruli and podocytes is critical for the 
successful laser capture of individual podocytes, we compared these two freezing 
methods to determine which gave the better morphologic result.  We collected fresh 
murine kidney and divided the tissue specimen for processing using both snap freezing 
techniques.  Then we prepared frozen sections from each specimen at identical 
thickness, stained the sections with Histogene, and examined them under a light 
microscope.  Figure 7 shows comparative samples of kidney tissue at 20x magnification; 
the top figure a) is from the dry ice-frozen specimen while b) is from liquid nitrogen-
frozen specimen. These images clearly show that tissue morphology is preserved better 
when tissue is snap-frozen in liquid nitrogen.  There are numerous tears in the dry ice-
frozen section, whereas there are few tears in the liquid nitrogen-frozen specimen.  Also, 
the architecture of the kidney tissue is generally preserved in the liquid nitrogen-frozen 
specimen, whereas the architecture is not discernable in the dry ice-frozen section.  
Specifically, individual glomeruli and the cells that compose them are visible.  On the 
basis of these results, we opted to use the liquid-nitrogen-based snap freezing approach 
for the remaining studies. 
 The optimal thickness of frozen sections for IR laser capture according to the 
literature is between 5 and 8 µm (Espina et al., 2006).  We tested different section 
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thicknesses within this range to determine if there is variation in resulting section quality 
and podocyte visibility depending upon section thickness.  Our results suggested that 
thinner sections (5 µm) provided better visualization of podocytes as compared to thicker 
ones (data not shown).  Therefore we decided to use 5 µm sections for subsequent 
analyses.  One drawback to using thinner sections is that captured tissue will contain 
less molecular material per laser pulse than would be the case with thicker sections.  
Therefore, more laser pulses  (that is, cells captured) may be needed to capture a 
required amount of tissue. 
Tissue staining methods for frozen tissue are limited, particularly with regard to 
the need to preserve molecular composition of the tissue.  It is undesirable for tissue 
staining solvents that may alter the molecular composition of the tissue to be exposed to 
the tissue.  As discussed above, we selected Histogene stain for our studies because it 
is water based and minimizes exposure of tissue to staining solvents.  An example of 
glomerular architecture in a frozen section of kidney at high magnification, after staining 
with Histogene, is shown in Figure 8.   
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a) 
 
b) 
  
Figure 7:  Dry ice (a) versus liquid nitrogen (b) preservation of kidney tissue at 20x 
magnification.  In (a), many parallel tears are apparent in the section, and kidney 
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architecture is not visible.  In (b), few tear artifacts are seen, and kidney architecture is 
preserved, with several glomeruli (arrows) visible. 
 
 
Figure 8:  Example of glomerulus in frozen section of kidney, seen at high magnification 
(60x) after staining with Histogene.   Histogene stains cell cytoplasm brown, and nuclei 
deep blue.  Upon staining kidney frozen section with Histogene, podocytes are visible as 
large cells with large, oval nuclei, and are usually apparent in close proximity to the 
glomerular basement membrane.  Several podocytes at the periphery of the glomerular 
tuft, projecting freely into Bowman’s space, are indicated by red arrows.  Compare to 
other glomerular cells (mesangium and endothelium), and tubular epithelial cells in 
tubule cross sections surrounding the glomerulus. 
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3.4 Optimization of LCM parameters for podocyte capture 
 
 
Based on estimates of the size of podocytes in tissue sections, and visualization 
of the laser beam width needed to best fit the size of a single podocyte, the desired laser 
spot size for podocyte isolation was determined to be 7.5 µm.  This corresponds to the 
minimum diameter of the laser beam that may be obtained with the PixCell IIe.   The 
corresponding power and voltage required to obtain this spot size were 39 mW and 100 
mV, respectively. The PixCell IIe offers only manual adjustment of a limited set of laser 
parameters (including spot size, power, and threshold voltage), therefore the process of 
selecting these parameters for the required spot size was based on trial and error.  
Figure 9, shows two examples of successful laser capture of glomerular cells 
(presumably podocytes) using the 7.5 µm spot size.  Note the black circles at the 
periphery of the glomeruli, indicating where tissue is adherent to the membrane of the 
thermoliable cap.  Also note the red laser targeting spot toward the upper left of each 
image.   
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Figure 9.  Two examples of brightfield light microscopy of HistoGene-stained frozen 
kidney sections (captured from video screen of PixCell IIe) showing successful laser 
capture of individual glomerular cells, presumably podocytes, using the 7.5 µm spot size.  
Image on left is at lower magnification (bar = 25 µm), and the target glomerulus is 
indicated by red arrow.  Image on right is at higher magnification (bar = 10 µm); the 
target glomerulus fills most of the field.  In both images, the black circles at the periphery 
of the glomeruli (indicated by green arrows) indicate where application of a laser pulse 
has resulted in tissue adherence to the membrane of the thermoliable cap.  All targeted 
cells are localized to the periphery of the glomerulus, and were selected for targeting 
based upon morphologic features resembling those of podocytes.  The red laser 
targeting spot, which is continuously illuminated during tissue acquisition for alignment 
purposes, is visible toward the upper left of each image.   
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3.5  Determination of minimum sample requirements for qRT-PCR analysis of isolated 
podocytes 
 
An important limitation of the LCM methodology is the effort required to collect 
very small tissue samples. Therefore, it is important to determine the minimum number 
of samples required to accomplish desired studies.  In this case, our goal is to develop 
methods for studies of the molecular composition (mRNA, and protein) of isolated 
podocytes.  Thus we performed studies to determine the number of LCM-isolated 
podocytes needed to analyze RNA and gene expression by qRT-PCR.  We compared 
our results for podocytes to those for larger kidney structures of similar and distinct 
molecular composition, respectively: glomeruli and tubules. 
 Using LCM, we collected a known number of samples of (presumed) podocytes, 
glomeruli, and tubules.  The number of samples collected was chosen to exceed a 
preliminary estimate of the amount of tissue required, as determined from the literature.  
Each type of sample was collected in a different cap using appropriate laser size 
parameters for that type of sample (Table 3).  Figure 10 shows the kidney structures 
targeted for each type of sample with representative spot sizes.  After a large number of 
samples were captured, we extracted RNA from each sample and measured the total 
RNA concentration in the sample using a spectrophotometer available in the laboratory 
(the NanoDrop 2000c UV-Vis).  The concentration of extracted RNA from the 3 samples 
was compared using absorbance data obtained from the spectrophotometer. Table 5 
shows the extracted RNA concentrations and absorbance ratios, the latter of which are 
indications of the quality of the extracted sample.  Specifically, nucleic acids absorb in 
the 260 nm region (“A260”), while proteins absorb in the vicinity of 280 nm (“A280”).  A 
ratio of A260/A280 near 2.0 is representative of high quality RNA.  
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The results in Table 4 suggest that RNA is present in each of the samples obtained.  
However, none of the samples are considered to be of high quality, due to the relatively 
low ratios of A260/A280, all of which are below 1.7.  It is unclear if the RNA sample 
quality issue is due to a limited sample size, or due to a technical problem during sample 
collection.  Thus it cannot be concluded that the number of samples obtained for any of 
the tissue types is sufficient for RNA analysis. 
 
 
Table 3. 
Sample  Spot size  Power  Threshold 
voltage  
Duration  
Podocytes  7.5 µm  39 mW 100 mV 0.35 ms 
Glomerulus  30 µm 73 mW 200 mV 30.5 ms 
Tubules 30 µm 73 mW 200 mV  30.5 ms 
 
Table 4. 
 
 
 
Sample ID  Number of 
samples  
RNA 
conc. 
Unit  A260 A280 260/280 
Podocytes 173 35.6 ng/!L 0.890 0.543 1.64 
Glomerulus 80 84.5 ng/!L 2.112 1.263 1.67 
Tubules  80 77.7 ng/!L 1.944 1.187 1.64 
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Figure 10. Representative spot sizes for each type of sample collected for the 
experiment to determine minimum sample requirements for qRT-PCR analysis.  
Representative examples of each type of sample are illustrated, including (presumed) 
podocytes (left image), glomeruli (middle image), and tubules (right image).  For 
podocytes and glomeruli, actual laser marks are shown; for tubules, a circle showing the 
size of a typical spot (laser mark) is shown; all spots are indicated with green 
arrowheads.  Corresponding parameters and spot sizes are listed in Table 4.  Each 
image is 100 µm wide. 
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3.6 Analysis of gene expression in LCM samples 
 
To obtain additional validation of the sufficiency of the tissue samples described 
in section 3.6, we attempted to analyze the mRNA composition of the RNA isolates, to 
look for evidence of expression of cell-specific genes.  First, the RNA extracts were used 
to prepare cDNA template of mRNA using standard protocols.  This cDNA template was 
then examined using PCR to amplify cDNA corresponding to mRNA of podocyte-specific 
genes.  The genes we examined included podocalyxin (Pox1), and nephrin, both of 
which are expressed exclusively in podocytes within the kidney.  We hypothesized that 
these markers would be most concentrated in the podocyte sample, while appearing 
qualitatively less concentrated in the glomerular sample and absent altogether in the 
tubular sample.  If we found this distribution of these markers among the tissue samples 
that we collected, that would suggest that our samples were of sufficient quality and 
quantity to obtain meaningful gene expression results at the mRNA level.   
The results of the PCR analysis of the samples is shown in Figure 11  As 
expected, the podocyte sample (lane “P”) shows strong bands indicating expression of 
both podocyte-specific markers, as well as GAPDH, which serves as an endogenous 
control indicating successful cDNA template preparation.  However, the sample 
prepared from isolated tubules (lane “T”) also shows evidence of expression for both 
podocyte-specific markers as well as GAPDH, albeit with less prominent podocyte 
marker bands on the gel relative to GAPDH, compared to that for the podocyte sample.  
This roughly indicates a lower concentration of mRNA for these markers in the tubule 
sample relative to the glomerular sample.  Further still, the glomerular sample (lane “G”) 
does not show bands for either podocyte marker or for GAPDH, which suggests that a 
technical problem compromised that particular sample at some point in the chain of 
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steps beginning with glomerulus capture by LCM.  Also concerning is the presence of a 
band under the “-” pure water control in the nephrin and GAPDH gels, suggesting DNA 
contamination of the sample.  In summary, the results suggest that a sufficient number 
of podocytes were collected for RNA analysis.  However, probable contamination of the 
samples, particularly the tubular sample, is suggested by the presence of podocyte 
markers in the tubular sample, and the presence of a band arising in the water sample.  
Also, the collection and processing of the glomerular sample was flawed in this 
experiment.    
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a)  Poxl  
 
 
 
 
 
 
 
 
 
 
b)  Nephrin  
 
 
 
 
 
 
 
 
 
 
c)  GAPDH 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Results of analysis of the mRNA composition of the RNA isolates composed 
of candidate podocytes, glomeruli, or tubules.  Expression of Pox1 (podocalyxin, panel 
a), nephrin (panel b), and GAPDH (“housekeeping” gene; panel c) was evaluated.  The 
podocyte sample (lane “P”) shows strong bands for all three markers, indicating that they 
are present in the sample.  The tubular sample (lane “T”) also shows bands for all three 
markers, albeit generally weaker than that seen in the pure podocyte sample, which 
   P     T   Per   G   R   +      ! 
   P     T   Per   G   R   +      ! 
   P     T   Per   G   R   +      ! 
  
44 
suggests it is less prevalent.  The glomerular sample (lane “G”) does not show bands for 
either podocyte marker or for GAPDH, suggesting that a technical problem may have 
compromised this sample.  A band is observed under the “-” pure water control in the 
nephrin and GAPDH gels, suggesting DNA contamination of the samples.  
Abbreviations: P: podocytes; G: glomerulus; T: tubules; +: positive control: sample that 
has mRNA for podocytes; -: negative control: sample that has no cDNA (just water). 
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4. Discussion  
 
The general objective of this study was to determine the feasibility of employing 
laser capture microdissection (LCM) to isolate mouse podocytes, and ultimately to study 
podocyte function and molecular mechanisms of FSGS that explain the regional 
variation of FSGS lesions.  For the present study, experiments were designed to: 1) 
optimize tissue preservation, sectioning, and staining conditions; 2) determine the LCM 
instrument parameters for selective cell isolation; and 3) determine the number of 
podocytes needed to perform and analyze gene expression in an isolated podocyte 
sample. 
 
Optimization of tissue preservation, sectioning, and staining conditions 
We tested two different tissue-freezing methods and found that liquid nitrogen 
freezing yielded superior tissue samples for sectioning on the cryostat, such that tissue 
morphology and architecture is sufficiently maintained for identification of podocytes.  
The other method, freezing over dry ice, yielded very poor sections with many tears.   
We also tested a range of tissue section thicknesses and found that a thinner tissue 
section of 5 µm (the minimum recommended) provided better visualization of podocytes 
as compared to thicker sections.  Although we considered implementation of epi-
fluorescence microscopy techniques to specifically identify podocytes, we found that the 
Histogene stain provided a sufficiently high contrast and good cellular resolution through 
differential staining of nuclei and the cytoplasm, such that epifluorescence microscopy 
techniques were not needed (Figures 7 and 8).  These results indicate that the desired 
objectives for tissue preparation were obtained. 
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Optimization of LCM parameters for podocyte capture 
After determining the best tissue sectioning and staining conditions, we sought to 
determine the optimum LCM parameters for podocyte isolation using the PixCell IIe 
available in BU Pathology.  First, we determined the spot size (laser beam diameter) 
corresponding to the size of podocytes based on visualization of the laser beam width 
near podocytes on a kidney tissue section.  The corresponding operational parameters 
(laser beam power and voltage) were adjusted manually to obtain the desired spot size.  
We determined that a spot size of 7.5 µm is appropriate for podocytes.  This spot size is 
the minimum diameter that the PixCell IIe can accommodate, but it is possible to operate 
the PixCell IIe with a spot size of 7.5 µm.  Therefore, we were able to accomplish the 
objective of identifying the optimum LCM parameters for podocyte capture with the 
PixCell IIe. 
 
Determination of minimum sample requirements for qRT-PCR analysis of isolated 
podocytes 
Using LCM, with spot size of 7.5 µm, we collected 173 spots targeted on 
morphologically-defined podocytes in cryosectioned mouse kidney tissue, and attempted 
to extract mRNA from this tissue sample.  We also collected tissue samples using a 
larger spot size of 30 µm which were targeted on glomeruli and tubules, for comparison 
to our podocyte sample.    We assessed the quality and total quantity of the mRNA in 
these samples, to gauge the effectiveness of this approach for collecting mRNA of 
sufficient quality and amount for qRT-PCR analysis.   
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Our results show that the quality and quantity of mRNA isolated using this 
approach were suboptimal but approached usability for expression analysis.  Using 
standard spectrophotometric techniques, we measured light absorbances at 
wavelengths of 260 and 280 nm to assess extracted mRNA quality and quantity in these 
samples.  Nucleic acids absorb light in the 260 nm region, while proteins absorb in the 
280 nm due to the presence of aromatic amino acids such as phenylalanine, tyrosine, 
and tryptophan.  Phenol, a reagent used in nucleic acid extraction, also absorbs light at 
280 nm due to its aromatic nature.  Since our mRNA was extracted from whole tissue it 
is possible to have some protein contamination. However, a 260/280 absorbance ratio 
around 2.0 is considered evidence of acceptable quality RNA for routine molecular 
analysis.  For our three samples, we obtained absorbance ratios in the range from 1.64 
to 1.67.  This suggests that the samples were contaminated with proteins or phenol, 
which is most likely a result of technician inexperience (Coleman et al., 2010).  
Despite these contamination issues, it was still possible to calculate the 
concentration of mRNA in the samples.  These ranged from 35.6 (podocytes) to 84.5 
ng/!L (glomeruli). One last point concerns the practicality of obtaining samples of this 
size.  It was possible to obtain each of the samples, including the podocyte sample, 
within one work day, which is considered a reasonable amount of time for this 
procedure.  Therefore, we conclude that the samples we obtained approached usability 
for mRNA expression analysis, in terms of quantity, although improvements will be 
required to obtain mRNA samples of sufficient quality for these analyses. A different 
extraction method and increased technician experience could improve the mRNA yield 
obtained from a sample of this size. 
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Analysis of gene expression in LCM samples 
To obtain additional validation of the sufficiency of the tissue samples that we 
collected using LCM, we attempted to analyze the mRNA composition of the RNA 
isolates, to look for evidence of expression of cell-specific genes.  We used PCR to 
amplify cDNA synthesized from the mRNA samples, and then used gel electrophoresis 
to identify amplification of the mRNA encoding podocalyxin, nephrin and GAPDH.  
Podocalyxin and nephrin are podocyte-specific proteins, and GAPDH is a ubiquitous 
housekeeping gene.  As discussed in detail in the Results section, the electrophoretic 
analysis revealed a confusing picture which suggested cross contamination between 
tissue types, as well as technical errors suggesting contamination with genomic DNA.  
Such contamination results in loss of specific amplification, due to non-specific genomic 
DNA amplification.  Although there is the possibility of genomic DNA contamination, the 
resulting signals (band intensities) for the podocyte and tubular samples are strong for 
the podocyte-specific markers, and in fact stronger than the band intensities for these 
markers in the free water negative control (which indicates DNA contamination).  
Therefore, although the presence of podocyte markers in the tubular sample indicates 
possible tissue cross contamination, it is plausible that these tissue samples do indeed 
contain sufficient mRNA for cDNA amplification.  As with mRNA isolation, the DNA 
contamination issue is likely a result of technician inexperience.  The tissue cross 
contamination could have resulted from isolation of other regions (cells) besides the 
ones of interest, through suboptimal laser targeting.  One obvious remedy is 
improvement of operator skill in tissue identification and laser targeting. In addition, an 
alternative method could be used (if equipment is available), such as LCM technology 
  
49 
that employs a high-power cutting laser that cuts exactly around the tissue of interest 
avoiding contamination by undesired tissue types.  
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5. Conclusions 
 
The goals of this study were to 1) determine the feasibility of employment of the 
LCM system in the Boston University Department of Pathology for the capture of isolated 
mouse podocytes;  2) determine optimal tissue preservation and preparation methods 
for laser capture and mRNA analysis of isolated podocytes; and 3) determine the 
minimum sample of isolated podocytes required to analyze gene expression using qRT-
PCR.  We were successful in identifying an acceptable preservation technique for kidney 
tissue via the use of snap freezing in liquid nitrogen.  By using this preservation method, 
the morphology and the quality of the obtained tissue were improved compared to 
preserving the tissue by freezing over dry ice.  We also were successful in defining an 
approach identifying individual podocytes in frozen tissue sections by using the 
Histogene histochemical stain, which is designed to minimize effect on mRNA and 
protein in tissue samples.  We also succeeded in developing protocols for using the 
PixCell IIe in BU Pathology to capture tissue samples of the size of individual podocytes.   
Probable contamination of the samples compromised our ability to determine with 
certainty how effective our methods were in terms of quantity and specificity.  Since 
these contamination issues are most likely due to technician error, it is quite plausible 
that these validation studies may be repeated to obtain more definitive answers.  
Nevertheless, our results do suggest that it is possible to use these methods to obtain 
sufficient mRNA for gene expression analysis, with a reasonable amount of effort.   
 In conclusion, the application of the LCM technology to the selective isolation of 
podocytes or other renal regions is complex, and relies heavily on ease of use and 
capabilities of the LCM instrument, and operator skills, practice, and training.  Our 
results suggest that the use of LCM for regional cell isolation, including podocytes, and 
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mRNA expression analysis is possible, but additional validation studies will help define 
the optimum experimental conditions and procedures to evaluate pathology-based 
changes. 
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